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J�H(;���$���		��� 00��"���)��� 7�������B��)�����0� "#��("
���� ) �4)���� 7�'$�� ���"� �����"��#$�'�"�(�$� �)� ) �4)����. ��
�� ��(��# ("�'����!������?�*:�1#��(���"!$� 7�������B��)��� �
�)� ���� ) ��. ���� ������ ("� #�"�� !��.� ����.�"�� �)� �"��#$
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. ��� ����� & ��(�(�"� �)� 7�'$� >�(#��� ("��� ) ��  "'� ) �4)���
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Energy balance in health and disease 533

It is often not practical to obtain long-term measurements of
both energy intake and expenditure in free-living or even in
laboratory conditions. For example, no formal direct
measurements of TEE were made before, during and after
6 months of semi-starvation in the Minnesota Study (Keys
et al. 1950). However, it is possible to calculate energy
expenditure and physical activity by combining energy
balance measurements with those of energy intake.
Conversely, energy intake can be calculated from measure-
ments of body composition and energy expenditure. It is
also possible to subdivide energy expenditure into its
components to obtain insights into the factors responsible
for energy imbalance and energy homeostasis.

Combining measurements of body composition with 
energy intake or expenditure

The total negative energy balance during 24 weeks of semi-
starvation in the Minnesota Study of Keys et al. (1950),
which was estimated through changes in body composition
(Table 3), can be converted to the mean daily balance by
dividing the total negative energy balance by 168 (24 × 7 d).
Similarly, the values for the two 12-week periods can be
obtained by dividing the changes in balance obtained during
this period by 84 (12 × 7 d). These values are shown in
Table 4. The energy intake of the individuals was carefully
recorded during the entire 6 months of semi-starvation (also
shown in Table 4). TEE during these periods, calculated as
the sum of the negative energy balance and the energy
intake values, averaged 8·38 MJ/d, and was greater during
the first 12 weeks (9·55 MJ/d) than during the second
12 weeks (7·21MJ/d).

Table 4 also shows the changes in physical activity
energy expenditure, BMR and dietary-induced thermo-
genesis. The BMR measurements were made on three
occasions, once before starvation and at 12 and 24 weeks of
semi-starvation. The BMR value assigned to the first half of
the study was the average of the first two measurements, the
value for the second half of the study was the average of the
last two measurements, and the overall value for the whole
study was the average of all three measurements. The calcu-
lated BMR was based on measurements of O2 consumption,
which was converted to energy expenditure using an energy
equivalent of 4·8 kcal/l O2 (19·94 kJ/l O2). Dietary-induced
thermogenesis can be assumed to be about 10 % of energy
intake, and physical activity energy expenditure can then be
calculated as the difference. If no assumptions are made

about dietary-induced thermogenesis, physical activity
energy expenditure plus dietary-induced thermogenesis can
be estimated as a single entity. Table 4 shows that the value
during the first 12 weeks (3·26 MJ/d) was greater than that
during the second 12 weeks (2·25 MJ/d; overall value for the
24-week period 2·61 MJ/d). Whilst this information is inter-
esting, it does not indicate the pattern of changes that occur
during the first or second halves of the study. Furthermore,
they do not allow comparison with baseline (pre-starvation)
measurements of TEE and physical activity, which makes it
difficult to assess the extent of adaptation changes that may
have been induced by dietary restriction. Since only one
body composition measurement was made before starvation,
it is obviously not possible to calculate changes in energy
stores using body composition techniques. However, it
is possible to estimate energy expenditure by assuming
stability in body composition. The group was studied for
several weeks immediately before starvation was started,
and their weight was found to be stable whilst ingesting a
diet of known energy content. For example, during the
3 weeks before semi-starvation the subjects lost only about
0·10 kg/week, and so it could be assumed that the group was
close to energy balance. Similarly, during the last 3 weeks of
semi-starvation (weeks 22–24) it could be assumed that the
group of subjects was close to energy balance because mean
body weight decreased by only 0·11 kg/week. If allowances
are made for this weight loss, using the energy densities of
fat and fat-free tissues and the proportions in which they
were lost in the study as a whole, the effect on TEE and
energy balance would be <0·30 MJ/d, both before and
during the last 3 weeks of semi-starvation. Since the dietary
intake and BMR were measured before starvation was
started and at 24 weeks, it is possible to calculate TEE
(assuming energy balance for simplicity) and subdivide it
into its components, as before. The results (Table 5 and 6)
show that the reduction in TEE between the beginning and
end of the weight-loss period was predominantly due to a
reduction in physical activity, from 6·46 kJ/d to 1·91 kJ/d,
rather than BMR, which decreased from 6·69 MJ/d to
4·09 MJ/d. Thus, most of the energy conservation was
achieved by behavioural change rather than a change in
basal metabolism. Since the subjects followed a set schedule
of activities, which included housekeeping and other labo-
ratory activities, and walking 20 miles each week, it is
reasonable to conclude that there was a major reduction in

Table 4. Components of negative energy balance (MJ/d) during the
 first and second halves of a period of 24 weeks of semi-starvation*

Weeks
0–12

Weeks
12–24

Weeks
0–24

Dietary intake
Negative energy balance
Total energy expenditure

Dietary-induced thermogenesis
BMR
Physical activity energy expenditure

6·78
2·77
9·55
0·68
5·61
3·26

6·35
0·86
7·21
0·64
4·32
2·25

6·57
1·81
8·38
0·66
5·11
2·61

*For details and assumptions, see p. 533; calculated from Keys et al.  (1950).

Table 5. Components of energy balance and energy expendi-
ture (MJ/d) during the 3 weeks immediately before semi-
starvation (−3–0 weeks) and during the last 3 weeks of semi-

starvation (weeks 22–24)*

Weeks
−3–0

Weeks
22–24 Change

Dietary intake
Total energy expenditure

Dietary-induced thermogenesis
BMR 
Physical activity energy 
expenditure 

14·61
14·61
1·46
6·69
6·46

6·66
6·66
0·66
4·09
1·91

7·95
7·95
0·80
2·06
4·55

*Energy balance assumed; for details and other assumptions, see p. 533;
calculated from keys et al. (1950).
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the energy expended in discretionary physical activities.
Indeed, the subjects indicated that they felt weak and tired
easily, as if they were ‘old men’. The energy cost of walking
on a treadmill at 3·5 miles/h at a 10 % gradient was
measured before, in the middle and at the end of the semi-
starvation period (n 10), and was found to be unchanged at
0·464, 0·460 and 0·464 kJ/kg per min respectively. This
finding indicates that the energy cost of this weight-bearing
activity was reduced in proportion to body weight, which
progressively decreased during the starvation period. If it
can be assumed that the energy cost of other activities was
also reduced in proportion to body weight, which is a
reasonable first approximation for the type of activities
undertaken by the subjects (this approximation may not
apply when heavy prolonged physical work involves lifting
objects), then it can be calculated that 64 % of the reduction
in physical activity energy expenditure was the result of a
reduction in tasks, and 34 % to a reduced cost of under-
taking these tasks (i.e. a direct consequence of reduced body
weight).

The decrease in BMR can also be partitioned into that due
to the reduction in body cell mass (65 %) and that due to a
reduction in BMR on a per kg body cell mass basis (35 %).
Overall, 57 % of the reduction in TEE between the basal
pre-starvation period and the end of the starvation period
was due to a reduction in the energy cost of physical activity
(about two-thirds of which was due to a reduction in
physical activities undertaken) and 33 % to a reduction in
BMR (about two-thirds of which was due to a reduction
in body cell mass). The remaining 10 % is attributed to a
reduction in dietary-induced thermogenesis.

In these examples, TEE was used to estimate energy
intake during a period of weight stability. More recent
studies have estimated energy intake from measurements of
TEE obtained by tracer techniques during periods of weight
stability. Two tracer techniques have been used to estimate
TEE in free-living conditions, the doubly-labelled water
technique, which typically provides single estimates over
about 10–20 d in adults, and the bicarbonate–urea method,
which provides estimates of energy expenditure on a daily
basis. Both techniques measure net CO2 production, which
has to be converted to energy expenditure using an appro-
priate energy equivalent for CO2. It has been argued that
tracer techniques are more accurate and/or reliable than
many dietary intake methods, when the latter are used in
isolation. Major discrepancies between dietary intake and
expenditure during periods of weight stability have been
attributed to underreporting of dietary intake, especially in

certain groups of subjects, such as the obese. TEE:energy
intake during periods of weight stability has been used to
establish cut-off points for underreporting (Goldberg et al.
1991). However, in order to establish the cut-off points it is
necessary to define weight stability, the period of time over
which weight stability is measured and the precision and
accuracy of the methods used. The issues on precision and
accuracy of energy intake and expenditure methods are
considered next, because they determine the accuracy and
precision of energy balance. The precision of energy balance,
assessed by changes in body composition, is also considered.

Precision and accuracy of energy balance techniques

Changes in body composition

The precision of various body composition techniques can
vary considerably depending on the type of technique used,
the compliance of the subject and the experience of the
operator. With some reference body composition tech-
niques, such as dual-energy X-ray absorptiometry, air-
displacement plethysmography and hydrodensitometry, and
possibly water dilution, fat and fat-free mass may be
estimated with a precision (1 SD) of about 0·5 kg. Even a
four-component model, which is based on a combination of
air-displacement plethysmography (density), dual-energy
X-ray absorptiometry (bone mineral) and water dilution
(water space), can give a precision close to 0·5 kg, which
translates to 19·7 MJ. However, when fat mass is over-
estimated by 0·5 kg, fat-free mass is underestimated by
0·5 kg, and vice versa. If it is assumed that 0·5 kg fat-free
mass has an energy content of 1·9 MJ (see earlier), the
precision for the energy content of the body is 17·9 MJ
(19·7–1·9 MJ). For assessment of changes in energy stores
(energy balance) by two independent body composition
measurements the precision is 25·4 MJ (√(17·9)2 + (17·9)2).
This precision is equivalent to two to three times the energy
intake when the changes in body composition are measured
over 1 d, but <1 % of the energy intake over 1 year. Fig. 2 is
used to illustrate: (a) how this precision decreases when it is
divided by the number of days between the two measure-
ments; (b) how the precision can be improved by making
two and four measurements per time point. For example, for
a 2 d interval the precision improves from 12·7 MJ/d (one
measurement per time point) to 8·98 MJ/d (two measure-
ments per time point) and 6·35 MJ/d (four measurements per
time point). Over a 20 d period the precision remains the
same (8·98 MJ/d), but mean daily values are ten times lower

Table 6. Changes in total energy expenditure and its components between the baseline 3-week period before starvation and during the
last 3 weeks of semi-starvation*

Change between baseline and end of semi-starvation period

Baseline (MJ/d) MJ/d % baseline % total reduction

Dietary-induced thermogenesis
BMR
Physical activity energy expenditure
Total

1·46
6·69
6·46

14·61

0·80
2·60
4·55
7·95

55
39
70
54

10
33
57

100

*Energy balance during each 3-week period; for details and other assumptions, see p. 533; calculated from keys et al. (1950).
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(1·27, 0·90 and 0·64 MJ/d for one, two and four measure-
ments per time point respectively).

The CV for indirect calorimetry is about 2 % (same
calorimeter). The analytical precision for measuring CO2
production by the doubly-labelled water technique has been
found to range from 3 % to 6 % (Schoeller & Hnilica, 1986;
Elia et al. 2000), and for the bicarbonate–urea method from
2 % to 3 %. Other methods for measuring energy expend-
iture, such as activity diaries, have a greater imprecision. For
energy intake the CV may be as low as 2–3 % when duplicate
food samples are collected under controlled conditions (e.g.
in a metabolic facility or in studies of whole-body calor-
imetry) and analysed by bomb calorimetry. Reliable results
can also be obtained in hospitalised patients receiving enteral
tube feeding and parenteral nutrition. However, unreliability
increases to an unknown extent in free-living subjects
eating a mixed and varied diet. The extent is likely to vary
depending on the technique used (e.g. dietary recall,
weighed-food records), transcription errors and the type of
subject. In recent years there has been increasing scepticism
about the accuracy of dietary assessment, particularly in
free-living subjects. Our recent studies (O’Reilley, 2002;
Stubbs et al. 2003) have shown that when subjects are asked
to record their intake in a metabolic suite, where independent
and accurate methods for assessing dietary intake can
be undertaken, they change their feeding behaviour
(observation effect). They also misreport their actual intake
(reporting effect). Thus, ‘misreporting’ comprises two
separate but synchronous processes. There is also evidence
that the problems can be considerably greater in free-living
conditions, making assessment of energy balance more
difficult than in the laboratory.

In view of this uncertainty it is difficult to establish the
overall reliability of energy balance from measurements of
both energy intake and energy expenditure. Thus, Fig. 3
shows the results obtained at three levels of precision of
energy expenditure (CV of 3, 5 and 10 %, corresponding to
0·36, 0·6 and 1·2 MJ/d respectively), over a range of CV of

energy intake of 3–15 %. The precision varies from about
0·5 MJ/d to >2·0 MJ/d.

Estimates of precision do not of course reflect the
accuracy of a technique, since there may be a systematic
bias between the measurement and the true value. For
example, Fig. 4 shows the results of twelve studies (seven in
adults (n 50) and five in children (n 34)) when compared
with indirect calorimetry, which is regarded as a reference
‘gold’ standard. The values shown represent the bias
(systematic difference from indirect calorimetry), and the
standard deviation of this difference. For the group as a
whole the results obtained by the doubly-labelled water
method differed from indirect calorimetry by −1·3 (SD 10·9)
% (n 84), with similar results in adults (−0·6 (SD 11·0) %;
n 50) and children (−2·2 (SD 10·9) %; n 34). The extent of
disagreement between the two techniques was not related to
gender or the duration of study. One study found that as the
amount of fat increased, the doubly-labelled water method
progressively underestimated energy expenditure obtained
by indirect calorimetry (r − 0·81; P < 0·002; Ravussin et al.
1991). It should also be noted that the doubly-labelled-water
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